Proliferating cell nuclear antigen (PCNA) is responsible for the processivity of DNA polymerase. We determined the crystal structure of Pyrococcus furiosus DNA polymerase (PfuPol) complexed with the cognate monomeric PCNA, which allowed us to construct a convincing model of the polymerase-PCNA ring interaction, with unprecedented configurations of the two molecules. Electron microscopic analyses indicated that this complex structure exists in solution. Our structural study revealed that an interaction occurs between a stretched loop of PCNA and the PfuPol Thumb domain, in addition to the authentic PCNA-polymerase recognition site (PIP box). Comparisons of the present structure with the previously reported structures of polymerases complexed with DNA, suggested that the second interaction plays a crucial role in switching between the polymerase and exonuclease modes, by inducing a PCNA-polymerase complex configuration that favors synthesis over editing. This putative mechanism for fidelity control of replicative DNA polymerases is supported by experiments, in which mutations at the second interaction site caused enhancements in the exonuclease activity in the presence of PCNA.
Proliferating cell nuclear antigen (PCNA) is responsible for the processivity of DNA polymerase. We determined the crystal structure of Pyrococcus furiosus DNA polymerase (PfuPol) complexed with the cognate monomeric PCNA, which allowed us to construct a convincing model of the polymerase-PCNA ring interaction, with unprecedented configurations of the two molecules. Electron microscopic analyses indicated that this complex structure exists in solution. Our structural study revealed that an interaction occurs between a stretched loop of PCNA and the PfuPol Thumb domain, in addition to the authentic PCNA-polymerase recognition site (PIP box). Comparisons of the present structure with the previously reported structures of polymerases complexed with DNA, suggested that the second interaction plays a crucial role in switching between the polymerase and exonuclease modes, by inducing a PCNA-polymerase complex configuration that favors synthesis over editing. This putative mechanism for fidelity control of replicative DNA polymerases is supported by experiments, in which mutations at the second interaction site caused enhancements in the exonuclease activity in the presence of PCNA.
DNA clamp ͉ DNA replication ͉ electron microscopy ͉ fidelity control ͉ protein crystallography D NA replication is a highly coordinated process, in which DNA polymerase and the DNA sliding clamp play major roles in ensuring accurate genome duplication. Most replicative DNA polymerases consist of two independent functional components: polymerase and exonuclease moieties, which execute DNA synthesis and editing, respectively (1, 2) . Since these two active sites are apart from each other, the DNA substrate cannot access both sites at the same time. These two reactions are performed alternately, and thus require regulation by temporally different switching, which was previously proposed from a comparison of the crystal structures of RB69 DNA polymerases complexed with dsDNA in the polymerase and exonuclease modes (3, 4) .
The DNA clamp, which forms a dimer or trimer, depending on the domain of life, retains DNA polymerase on the template DNA strand for processive DNA synthesis. DNA clamps, which are called PCNA in Archaea and Eukarya, and the ␤ subunit in Bacteria, form similar architectures with a central hole. Thus, they encircle the substrate DNA, thereby enabling consecutive DNA synthesis (5) .
PCNA-interacting proteins contain a small conserved motif, the PIP (PCNA-interacting protein) box, which binds to a common site on PCNA (6, 7) . A model building study between the RB69 DNA polymerase-editing complex and PCNA revealed the consistent configuration of each component (3) . The structure of the complex between the ''little finger'' (LF) domain of the translesional Y-family DNA polymerase Pol IV and the ␤-clamp from Escherichia coli showed that the bound polymerase domain lies at the outer rim of the clamp ring (8) .
We reported previously that the PCNA from the hyperthermophilic archaeon, Pyrococcus furiosus, bound to the PIP box of the family B DNA polymerase (hereafter PfuPol in this report) from the same organism and stimulated DNA strand synthesis in vitro (9, 10) . Here, we present the crystal structure of PfuPol complexed with a single subunit of the cognate PCNA (PfuPCNA). This complex structure exhibited a second interaction site between the DNA polymerase and the clamp, in addition to the PIP-binding site. Mutations at the second interaction site of PfuPol reduced the physical interaction with PfuPCNA and the PCNA-dependent DNA extension activity, whereas they enhanced the exonuclease activity in the presence of PCNA. Collectively, our structural study, including an electron microscopic analysis, suggests that the second interaction is involved in switching between the polymerase and exonuclease modes (3, 4) . cule is located in front of the ring plane, but does not cover the central hole. This configuration is distinct from the previous docking models of the RB69 DNA polymerase/sliding clamp complex (so-called active ''tethered'' states), where the DNA polymerase fully covers the central hole of the clamp in both the editing and polymerizing modes (3, 4) . The present complex is also different from the resting ''locked-down'' arrangement found in the E.coli translesion DNA polymerase (pol IV) complexed with the sliding ␤ clamp (10) . The superposition between PCNA in our complex and the corresponding domains in the ␤ clamp of the pol IV/␤ clamp complex indicated that pol IV is rotated by Ϸ90°relative to PfuPol, whereas the C-terminal clamp-interacting peptide regions coincide with each other (Fig.  1B) . The positions of PfuPol and PCNA in our structure appear to correspond to an intermediate state between the active tethered state and the locked-down state (Fig. 1C) , thus suggesting that our structure represents the ''standby'' state of replicative DNA polymerases. As described later, our electron microscopy data are consistent with the notion that this standby configuration exists in solution.
The sequence alignment of the second interaction site of PfuPol is noteworthy, in that two hydrophilic residues, Tyr-654 and Arg-706, interact with Glu-171 at the particular turn protruding from a ␤ sheet in PCNA ( Fig. 2A ). This longest turn is referred to as the ''switch-hook'' hereafter in this report, according to its functional role discussed later. The switch-hook, containing an acidic residue (Glu or Asp) at the same site, is highly conserved among the DNA clamps from several species of archaea (i.e., PDB IDs: 1RWZ from Archaeoglobus fulgidus, 2IX2, and 2IZO from Sulfolobus solfataricus), yeast (2OD8 from Saccharomices cerevisiae), human (1VYM), and Escherichia coli (2POL).
Surface Plasmon Resonance Analyses. To examine the contribution of this site to the PfuPol/PCNA complex formation, we analyzed the affinities of PfuPol Arg-706 mutants for PCNA. According to the sequence alignment in the second interaction site, Arg-706 is more conserved than Tyr-654. Except for the replacement of Arg-706 by lysine in the Thermococcus and Sulfolobus subdomains, the neighboring residues exhibited substantial conservation (Fig. 2 A) .
Surface plasmon resonance (SPR) analyses using the immobilized PfuPCNA trimeric ring revealed that the substitution of glutamate for Arg-706 (R706E) reduced the binding ability of PCNA, whereas the R706A and R706K mutants exhibited moderate reductions (wild-type, K D ϭ 69.1 Ϯ 5.6 nM; R706E, Hexagonal clamp rings (yellow) are shown together with dsDNA substrates (gray) running through the clamp rings. The models of the locked-down (purple) and standby (green) polymerases were generated from the crystal structures (10) , and that of the tethered polymerase (blue) was derived from the previous docking model (4). (Fig. 2B) .
When PfuPCNA captured by the immobilized primed-DNA was used as a ligand (Fig. 2C) , the SPR examination of a series of Trp-769 mutants (W769A, W769A/R706K, and W769A/ R706E), which suppress the PIP binding ability, was even more intriguing. When the immobilized PCNA alone was used as a ligand, W769A exhibited no binding ability (Fig. 2B) . On the other hand, when the PCNA was captured by the immobilized primed-DNA, W769A significantly recovered binding ability (K D ϭ 561 Ϯ 10.0 nM). Interestingly, the W769A/R706K double mutant showed the same degree of binding as W769A, whereas W769A/R706E completely lost the binding ability (Fig. 2C) . This implies that the positive charge of Arg-706 is critical for PfuPol/ PCNA complex formation, in the absence of the functional PIP box.
Stimulation of Primer Extension Reaction by PCNA.
To clarify the roles of the second interaction site during the cooperative action of PfuPol and the clamp, we measured the stimulation effects of PCNA on the primer extension reaction by the PfuPol wild-type and R706 mutants, and found a good correlation between the extent of stimulation and the order of physical interaction (Figs. 2C and 3A). For instance, the wild-type and R706K PfuPol similarly showed the highest stimulation effect by PCNA, although R706E and R706A, respectively, exhibited the lowest and moderate stimulation effects among the mutants at Arg-706. On the other hand, in agreement with the data from SPR analyses, W769A exhibited much lower stimulation than the other mutants at Arg-706. These results indicate that the binding ability at the second interaction site affects the DNA extension activity facilitated by PCNA.
Exonuclease Activities Stimulated by PCNA. To determine whether the second interaction site stabilizes only the polymerase mode, we measured how PCNA enhances the exonuclease activity of wild-type PfuPol and its mutants, and found an obvious difference in the PCNA-enhanced exonuclease activity between the wild-type and the R706E mutant. These two enzymes exhibited the same degrees of exonuclease activities in the absence of PCNA. On the other hand, the R706E mutant complexed with PCNA showed Ϸ2-fold higher exonuclease activity than the wild-type with PCNA at both 30 and 60 min (Fig. 3B ). It appears that the dissociation of the second interaction site was favorable for the exonuclease reaction in the PfuPol/PCNA complex.
Electron Microscopic Analysis. Our gel filtration and protein component analyses indicated that three polymerase molecules are simultaneously loaded onto the single PCNA ring in the absence of DNA, instead of forming a 1:1 complex, which consists of one trimeric ring of PCNA and one bound PfuPol molecule. However, the addition of various types of primed DNA allowed us to produce the 1:1 complex. We analyzed negatively stained images of this complex by the electron microscopic single particle method.
Until now, the optimal conditions for visualizing the standby state as a stable complex in the presence of the primed DNA had not been defined. Approximately 99% of the images of the complex showed the polymerase molecule fully covering the central hole of the PCNA ring, implying that the polymerase is mostly in the tethered state with a substrate DNA. However, Ϸ1% of the images displayed the polymerase standing on the edge of the PCNA ring, in good agreement with our crystal structure. These images did not show the clear density of the primed DNA, presumably because of smearing caused by the multiple positions of the primed DNA within the complex. Alternatively, this could result from the general tendency, where DNA molecules in complexes with proteins are more poorly visualized by negative staining. We selected 184 images of the complex, which is considered not to be in the tethered state, and the 2-D class-averaged image (Fig. 4A) was calculated from the images belonging to the major class (83 images).
To compare this averaged image with the structure of the proposed PfuPol/PCNA trimer complex, we calculated 2-D projection maps from this atomic model in various orientations. The projection map (Fig. 4C) calculated from the complex model The DNA strands synthesized by wild-type and mutant PfuPols using substrates containing [␣ 32 P]dTTP were subjected to alkaline agarose gel electrophoresis, and the products were visualized by autoradiography (Top). The sizes indicated on the left were from BstI-digested phage DNA, labeled with 32 P at each 5Ј end. The bar chart (Bottom) represents the quantitated total count of the [␣ 32 P]dTTP incorporated by the wild-type and mutants. (B) Gel image (Top) and the corresponding bar chart (Bottom) in the comparison of the exonuclease activities of the wild-type and R706E polymerases with and without PfuPCNA. Error bars in the chart represent values for each peak profile. In the absence of PCNA, the digested products were exactly the same length between the wild-type and R706E polymerases at both 30 and 60 min. On the other hand, in the presence of PCNA, the exonuclease activities were enhanced for both the wild-type and R706E, and the activity of R706E was about twice as high as that of the wild-type.
with a certain orientation (Fig. 4B ) was in good agreement with the class averaged electron microscopic image (Fig. 4A) . We therefore conclude that our model of the PfuPol/PCNA ring complex proposed in this study is in fact present in solution.
Discussion
The switching mechanism between the polymerizing and editing modes was previously discussed, on the basis of the two distinct crystal structures of the RB69 DNA polymerase-DNA complexes (3, 4) . The helical axes of the substrate DNA in each mode were differently oriented relative to the DNA polymerase, and hence the polymerase, tethered to PCNA (Fig. 1C, Right) , has to pivot upon switching from the polymerizing to editing mode (4). It is possible that this ''pivot'' motion is regulated by unknown interactions between the polymerase and clamp, besides the main PIP contact.
In combination with mutational and electron microscopic data, our crystal structure represents the standby state of the replicative DNA polymerase. Notably, this state retains a strong, but flexible connection with a DNA clamp, so that PfuPol can undergo a rotating motion about the axis connecting the two interaction sites to convert smoothly to the tethered state. The tethered state lies on the path of this motion that brings the two active sites of PfuPol to the front of the PCNA ring plane.
Recent electron microscopic studies revealed that the orientations of DNA relative to the PCNA ring could be diverse, depending upon the proteins bound to the DNA clamps (25, 26) . The crystal structure of the bacterial DNA clamp-DNA complex suggested that the DNA in the PCNA may tilt up to Ϸ22°, in agreement with the molecular dynamics simulation study (12, 24) . We thus examined the reasonable polymerase-PCNA configurations deduced from our crystal structure, assuming that the dsDNA is bound to PfuPol in the exonuclease mode.
The extensions of dsDNA (red) bound to PfuPol rotated by 0° (  Fig. 5A, Top) clashed with PCNA, and could not pass through the clamp hole without a sharp kink. In the case of the 60°r otation of PfuPol (Fig. 5A, Bottom) , the dsDNA obliquely crosses the center of the PCNA ring at a tilt angle of Ϸ45°, which exceeds the limit described above. The substrate dsDNA in the exonuclease mode can never run through the central hole of PCNA at any rotation angle of PfuPol, which simultaneously retains the two interactions.
On the other hand, when superimposing the dsDNA bound to the RB69 DNA polymerase replicating complex on the PfuPol structure with the two simultaneous interactions (4), the substrate dsDNA in the polymerase mode can pass through the clamp hole without any collision (Fig. 5B) .
These relationships between PfuPol, PfuPCNA, and DNA were supported by the experiments for the in vitro primer extension and exonuclease experiments. We found that the impairment of the second interaction by the R706E mutation benefits the exonuclease reaction in cooperation with PCNA (Fig. 3) . Therefore, we examined how the second interaction between PfuPol and PfuPCNA is related to the previously proposed polymerase-exonuclease switching model (4), which exhibited the tilt angle difference ofϷ40°between the two DNA polymerase molecules in the polymerase and exonuclease modes. This examination allowed us to propose that the second interaction plays a crucial role in the reaction-mode switching of the DNA polymerase, as illustrated in Fig. 6 . This switching, involving the pivot motion, uses the PIP contact as a pivoting foot and is executed in a different direction from the ''standbytethered'' rotation, as depicted in Fig. S1 . The detachment of the second interaction would generate sufficient mobility of the polymerase on the PCNA ring, thereby allowing the DNA to access the exonuclease active site (Fig. 6A ). This notion is consistent with the previous model (4), and provides the structural basis for the smooth switching between the polymerase and exonuclease modes (Fig. 6B) .
It is intriguing to imagine that other PCNA binding proteins contain similar extra sites interacting with PCNA. A notable second interaction site in the vicinity of the PIP-box was found in the PCNA-Fen1 complex crystal structure (27) . Such secondary interactions may function as regulatory switches at various steps in DNA transactions.
Materials and Methods
Data Collection, Structure Determination, and Refinement. Purification and crystallization of the PfuPol/PCNA complex were described in refs. 13 and 14. Diffraction datasets, obtained at 100 K using cryo-cooled crystals, for the multiple anomalous dispersion (MAD) method based on selenomethionine derivatives, were collected by a CCD detector (ADSC) on beamlines BL38B1 and BL41XU at SPring-8. Data were processed and scaled using the HKL2000 program suite (15) . The MAD-phased initial electron density map at 3.3-Å resolution was obtained with SOLVE (16) , and was improved with DM (17) . The model was built with O (18), and was refined with CNS (19) at 2.7-Å resolution, using the best dataset. Statistics are presented in Table S1 .
Surface Plasmon Resonance Analyses. The Biacore system was used for SPR analyses. To monitor the binding of PfuPol and its mutants to immobilized PCNA, highly purified PfuPCNA was fixed on a Sensor Chip CM5 (Biacore), according to the manufacturer's recommendations.
To examine the interactions of PfuPol and its mutants with PCNA on the immobilized primed-DNA, a 5Ј-biotinylated 70mer ssDNA (5Ј-TGCCGCCTC-CAAT TCTAATACGACTCACTATAGGGAGAAGGAAACTCCACCAACGATCTGA-CTACTGCCT-3Ј) was allowed to bind to a Sensor Chip SA (Biacore) coated with streptavidin, and then the complementary 25mer ssDNA (5Ј-AGGTGGTTGCT-AGACTGATGA CGGA-3Ј), designed to hybridize with the 3Ј-end of the 70mer template, was applied to form the substrate primed-DNA. For each measurement of the binding of PfuPol to PCNA with primed-DNA, PfuPCNA was added to the immobilized primed-DNA, and PfuPol was applied to the chip.
To investigate the kinetic parameters, various concentrations of the purified wt, R706A, R706K, and R706E proteins were applied to the sensor chips. All measurements were performed at a continuous flow rate of 30 L/min, in a buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005% Tween 20. At the end of each cycle, the bound protein was removed by washing the chip with 4M MgCl2. The association and dissociation phase data were simultaneously fitted using a data analysis program, BIAevaluation 3.2 (Biacore). All of the measurements for the wild-type and mutants were performed five times to calculate the standard deviations for the kinetic parameters.
In Vitro Primer Extension Reaction. The in vitro primer extension abilities of polymerases in the absence and presence of PfuPCNA were compared by using 6 . Schematic diagrams illustrating that the disconnection of the second interaction site is requisite for the exonuclease mode. (A) The disengagement of the second interaction can eliminate the steric hindrance between the dsDNA in the exonuclease mode and the clamp. In the ternary complex where PfuPol is rotated by 60°about the axis connecting the two interacting sites, the putative dsDNA would seriously clash with the inside of the PCNA hole, as depicted in Fig. 5A . However, the loss of the second interaction site allowed PfuPol to pivot freely, thereby enabling the bound dsDNA to pass through the central hole without any steric violation. (B) Schematic diagrams representing the switching between the polymerase and exonuclease modes. The substrate DNA is depicted as gray ribbons. PCNA and bound PfuPol are depicted as thick stick models (yellow, PCNA; green, PfuPol), with the polymerase active site moiety in PfuPol colored dark blue and the exonuclease active site colored red. The PIP region in PfuPol is also indicated as a thick stick branching from PfuPol, and is labeled ''PIP.'' The second interaction site is located at the end of the horseshoe-shaped PfuPol, and the PIP nearly protrudes from this end. The stick models of PfuPCNA and PfuPol were constructed from the actual coordinates in the crystal structure. When the second interaction is maintained, the polymerase active site (dark blue) of PfuPol interacts with the substrate DNA through PCNA (left model). By contrast, the exonuclease active site cannot interact with DNA, without uncoupling the second site interaction. Thus, together with PIP, the second site is used for stabilizing the polymerase mode, but not the exonuclease mode. The disruption of this site allows the conversion to the exonuclease mode (right model).
incubation at 70°C for 2 min, the reaction was stopped by adding a solution containing 98% deionized formamide, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% bromophenol blue. For the reactions with PfuPCNA and the cognate RFC (replication factor C), these factors were added to the reaction mixture at an equal molar ratio to the DNA polymerases. The reaction products were analyzed by electrophoresis on an alkaline agarose gel (1%) containing 50 mM NaOH.
In Vitro Exonuclease Activity. The in vitro exonuclease activities of the wildtype and mutant PfuPols in the absence and presence of PfuPCNA were measured by using the pET-21a vector (Novagen, 5443-bp) digested with the BamH-I (Takara) restriction enzyme. The reaction mixture contained 20 mM Tris⅐HCl (pH 8.8), 100 mM NaCl, 2 mM MgSO 4, 15 mM (NH4)2SO4, 5%vol/vol glycerol, 0.5 nM BamH-I-treated pET-21a (20 L), and 1.5 nM polymerase. After an incubation at 60°C for either 30 or 60 min, the reaction was stopped by adding a solution containing 95% deionized formamide and 20 mM EDTA. For the reactions with PfuPCNA, PfuPCNA was added to the reaction mixture at an equal molar ratio to the polymerase. The reaction products were analyzed by electrophoresis on an agarose gel (0.8%). After staining with SYBR Green I (Molecular Probes), the gel was analyzed with a Fluor Imager 595 (Molecular Dynamics).
Electron Microscopic Analyses. PfuPol and PfuPCNA were mixed with the primed-DNA in a buffer containing 50 mM Tris⅐HCl (pH 8) and 5 mM MgCl 2. The mixture was repurified by chromatography on a Superdex 200 gel filtration column. The fraction corresponding to the reconstructed complex was diluted with a buffer containing 50 mM Tris⅐HCl (pH 8), 50 mM NaCl, and 5 mM MgCl 2. A 3-L aliquot of the sample solution was applied to a carbon-coated grid and stained with 2% uranyl acetate. The specimens were examined with a JEM 1010 electron microscope (JEOL) operated at an accelerating voltage of 100 kV. Images were obtained with a Bioscan CCD camera (GATAN). The step size of a pixel of the image was calibrated to be 5.1 Å, using TMV as a reference sample. A minimum dose system (MDS) was used to reduce the electron radiation damage. Image processing was performed using the software packages EMAN (21) and IMAGIC (22) . Particle images corresponding to the not-tethered complex were isolated, using the program BOXER in EMAN.
